The purpose of this paper is to present the development of a simple turbulence representation suitable for helicopter dynamic simulation, stability and performance analysis, as well as pilot-in-the-loop rotorcraft handling qualities assessment. The frozen field hypothesis and linear approximation are assumed. Components of the uniform field velocity are included as additive perturbations affecting aerodynamic terms of the state matrix. Effects of the spatial gradients on parts of the helicopter other than rotor are considered as equivalent rotations. Effects of the spatial gradients on the rotor are considered by means of equivalent blade pitch angle perturbations. Vertical gradients are neglected. Equivalent blade pitch angle perturbations are determined such that total aerodynamic forces and moments over the rotor disc are conserved. The approach leads to a linear system with part of the input random. Some simulation results are presented to illustrate behavior and use of the model.
INTRODUCTION
Flight in turbulent atmosphere, as the most frequent poor weather condition, is a major issue for aircraft design. The most important problems related to turbulence effects are: structural loading and fatigue, controllability and handling qualities, passenger and crew safety and comfort. While structural analysis and design may require more complex and intricate descriptions of the natural phenomena, simulation, performance analysis or handling qualities investigations may take advantage of simpler and more tractable models.
Copyright © 1998 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved. * Senior researcher
The purpose of this paper is to present the development of a simple turbulence representation suitable for helicopter dynamic simulation, stability and performance analysis, as well as pilot-in-the-loop rotorcraft handling qualities assessment.
The frozen field hypothesis is usually assumed and the turbulence velocity is obtained by adding a spatial gradient to the random value at a fixed reference point. In the case of fixed-wing aircraft turbulence effects are included 1 as linear and angular perturbations affecting the aerodynamic terms in the equations of motion. Things are more complicated with rotary than with fixed-wing aircraft. The frozen field concept is still adopted and the spatially uniform component can still be included as an additive perturbation in the aerodynamic terms. Effects of spatial gradients on various parts of the helicopter can still be considered as equivalent rotations in a manner similar to the fixed wing but a different approach is needed to take into account for the effects of turbulence gradients on the rotor. Hess 2 converted lateral gradients of the turbulence vertical velocity into longitudinal cyclic inputs. This approach is generalized and gradients in both horizontal directions of all three components of the turbulence velocity vector are considered and modeled as equivalent blade pitch angle perturbations matched to preserve the same aerodynamic forces and moments over the entire rotor disc. A linear model of the helicopter in turbulence is built with turbulence velocity components, equivalent rotations and equivalent blade pitch angle perturbations as random inputs.
LOCAL AIR VELOCITY EXPRESSION
Considering the linear field approximation, let the total air velocity vector due to turbulence g V at any point in space be the sum of the turbulence air velocity vector at a fixed reference point (a spatially uniform component) and a spatial gradient:
Then the components in body axes of the total air velocity vector g V are given by equation (2) .
Considering the geometry of the rotorcraft and the characteristics of aerodynamic phenomena the vertical gradients will be neglected. The flapping angle will be considered small and the effects of air flow along the blade neglected. The lateral attitude angle of the rotorcraft is assumed zero. Therefore the resultant components of air velocity "seen" by a blade section at an arbitrary location b r , along the blade are shown in Figure 1 . Let the x axis of the blade related frame be along the blade projection on the hub plane, positive towards the hub center while the y axis lies in the hub plane, positive against rotor angular velocity. Then the expressions of the total air velocity components in the blade related frame are given by equation (3) . (2) [ ] 
Then the modulus of the air velocity is given by the following expression: 
It will be assumed that the turbulence gradients will generate a variation of local air speed U ∆ and a variation of local blade angle of attack α ∆ such that the elementary lift is:
It has been observed 2 that the lateral gradient of the vertical component of the velocity will determine effects similar to those of longitudinal cyclic angle perturbations, while the longitudinal gradient of the same component of the velocity will determine effects similar to those of lateral cyclic perturbations, due to rotor dynamic response. Based on these observations we want to equivalate the effect of horizontal gradients of all three components of the velocity vector with a variation of local blade angle of attack e α ∆ such that total aerodynamic forces and moments over the rotor disc are conserved, that is:
The elementary equivalent lift is expressed as:
The variation of the local blade angle of attack e α ∆ is expressed in terms of equivalent perturbations of collective, lateral and longitudinal cyclic angles:
Local air velocity and blade angle of attack without turbulence gradients effect are given by the following expressions (see also Figure 1 ):
Local air velocity and blade angle of attack with turbulence gradients effect are given by the following expressions:
In the context of the frozen field approach, the spatial turbulence gradients can be converted to time gradients by considering that:
The reference velocities rx V and ry V represent rates at which turbulence perturbations succeed. If the helicopter is moving then they may be taken equal to the flight velocity. To extend the approach to hover some values have to be chosen according to the level of turbulence 2 . Let us substitute equations (13), (14) and (15) in (12), and (16) and (17) in (10). After some manipulations and approximations, integrals are solved and the equivalence equation (11) The contributions of the turbulence gradients to air velocity expressed by equations (4) and (5) are plotted in Figure 2 . Based on these, the effects of the lateral gradient of the vertical velocity are considered to be equivalent to a longitudinal cyclic perturbation, the effects of the longitudinal gradient of the vertical velocity are considered to be equivalent to a lateral cyclic perturbation and the effects of the gradients of the longitudinal and lateral velocities are considered to be equivalent to collective pitch perturbations. Neglecting some coupling terms we obtain for the general case: 
Further simplification of these expressions is possible because some of the terms are negligible. This formulation will allow to build up a linear system describing the dynamics of the rotorcraft including the effects of turbulence. Some of the inputs to this system are random.
If only turbulence on the vertical axis is considered then the expressions of the equivalent blade pitch angles become, for hover flight: 
HELICOPTER MODEL IN TURBULENCE
We have assumed the linear approximation of the turbulence field, therefore the air velocity due to turbulence at any point is the superposition of a random value at a fixed reference point and a spatial gradient. 
Gradients Effects on Main Rotor
The lateral gradient of the vertical component of the air velocity is equivalent to a longitudinal cyclic angle perturbation (21), (22) and (23), respectively for the general case. Expressions for single axis turbulence effects are also determined (equations (24), (25), (26) for vertical axis, (27), (28), (29) for longitudinal axis, (27), (28), (30) for lateral axis).
Gradients Effects on Parts of the Helicopter
Effects of the vertical velocity gradients on other main parts of the helicopter (fuselage, tail rotor, horizontal and vertical stabilizers, wing) are included as equivalent rotations in a manner similar to fixed wing aircraft 
Gradients Effects on Tail Rotor and Vertical Stabilizer
The longitudinal gradient of the lateral velocity component has an effect similar to that of a yawing rotation 
Let us assume that the longitudinal distances to the center of gravity from the tail rotor axis and from the vertical stabilizer center of pressure coincide and are denoted by T l . At this location the longitudinal gradient of the longitudinal air velocity component will give a perturbation of the local velocity that can be expressed as:
Gradients Effects on the Wing and Horizontal Stabilizer
The lateral gradient of the longitudinal velocity component has an effect similar to that of a yawing rotation on the wing. If there is a horizontal stabilizer of significant span it can be treated as a wing. For unswept wing 
NUMERICAL SIMULATION RESULTS
A structural human pilot model has been implemented to control system (38). A linear model of the helicopter IAR-330 Puma, a 7000 kg aircraft with single, four bladed main rotor and conventional configuration was used. Simple, single axis tasks at hover were considered. Commands are zero attitude angles and zero vertical velocity to reject turbulence perturbations of severe intensity at low altitude 5 . Von Karman turbulence model has been implemented.
To illustrate behavior and use of the model we present in Figures 3 to 12 some simulation results. Figure 3 shows variation of the generated turbulence velocity on the longitudinal axis together with the helicopter longitudinal velocity component in uniform field. Behavior in uniform field plus gradients is shown in 
CONCLUSIONS
A simple turbulence representation suitable for rotorcraft simulation, stability and performance analysis and pilot-in-the-loop handling qualities assessment has been developed resulting in a linear model with random inputs.
The model is based on the linear, frozen turbulence field concept extended to rotorcraft in forward flight and in hover.
Spatial gradients in both horizontal directions of all three components of the turbulence velocity vector are considered and modelled as equivalent collective, longitudinal and lateral cyclic perturbations to preserve the same aerodynamic forces and moments over the entire rotor disc.
Some illustrative simulation results for hover flight are presented but further conclusions, refinement and validation of the approach still need to be substantiated by comparison with experimental data which have not been available at this moment. 
